Abstract The high-yield expression and purification of
Introduction
Ammonia-nitrite interconversion, an important part of the biological nitrogen cycle, is done by a variety of bacteria as part of their respiratory process. In one direction, the ammonia-oxidizing bacteria such as Nitrosomonas europaea use ammonia as an electron donor in respiration, and oxidize it to nitrite [1] . A different class of bacteria uses nitrite as a terminal electron acceptor in the absence of oxygen, reducing it to ammonia in a process known as nitrite ammonification [2] . Hydroxylamine oxidoreductase (HAO), the ammonia-oxidizing bacteria enzyme that catalyzes the four-electron oxidation of hydroxylamine to nitrite, shows some structural similarities to the enzyme cytochrome c nitrite reductase (ccNiR; also called NrfA), which catalyzes the six-electron reduction of nitrite to ammonia in ammonifying bacteria [3] [4] [5] [6] [7] [8] [9] [10] . Moreover, formal catalytic cycles suggest that HAO and ccNiR probably go through many comparable reactive intermediates [11, 12] . Given the structural similarities between HAO and ccNiR, and the fact that they catalyze similar reactions in opposing directions, our research group is undertaking a long-term comparative study of HAO and ccNiR, aimed at determining how each enzyme is optimized to preferentially operate in one or the other direction. In two recent articles we described experiments in which HAO was forced to run in reverse (as a ccNiR) [12, 13] ; herein, we turn our attention towards ccNiR, and lay the groundwork for using the powerful evolving technique of Laue crystallography to study this enzyme in action.
CcNiR catalyzes the six-electron reduction of nitrite to ammonia (Scheme 1, Eq. 1), as well as the five-electron reduction of nitric oxide (Scheme 1, Eq. 2) and the twoelectron reduction of hydroxylamine (Scheme 1, Eq. 3) to ammonia [11, 14] . The enzyme has also been shown to perform the six-electron reduction of sulfite to sulfide (Scheme 1, Eq. 4), albeit at much lower rates [15] .
CcNiR is a soluble homodimeric protein that contains five hemes per monomer (Fig. 1) . The molecular mass of a ccNiR monomer ranges from 52 to 65 kDa, depending on the bacterial species from which it was isolated. A number of crystal structures of the enzyme are available [3] [4] [5] [6] [7] [8] [9] , and they share many features. The ccNiR active site is a fivecoordinate heme with the unusual axial ligand lysine in the proximal position. During catalysis, the substrate binds to the distal position and is reduced. The remaining four hemes in each subunit are all typical six-coordinate c-type hemes with two histidine ligands each. These hemes are low-spin and closely spaced, so they can efficiently shuttle electrons to the active site. An interesting feature of the hemes used solely for electron transport is that in all known ccNiR structures they form two branches leading to the active site. Furthermore, this branched pattern is seen not just in the ccNiRs, but also in HAO [10] . From our HAO Fig. 1 Arrangement of the ten hemes within the cytochrome c nitrite reductase (ccNiR) dimer. The yellow hemes and green hemes are sixcoordinate and used for electron transport only, whereas the two orange hemes are the active sites. The red arrows show likely paths of electron flow. Electrons are believed to enter via the green hemes, but can move between subunits as shown (the dotted line separates the monomeric subunits) Scheme 1 Reactions catalyzed by ccNiR studies we have proposed that the branching hemes allow electrons to be added or removed from the active site in pairs, with each electron in a pair traveling along a different branch, in order to minimize Coulomb repulsion between the electrons (Fig. 1) [16] .
A reaction mechanism for the catalytic reduction of nitrite by ccNiR based on crystallographic and computational analysis was proposed in 2002 [11] , and this mechanism has recently been refined on the basis of a detailed density-functional study of the first reduction step [17] . The mechanistic scheme is buttressed by extensive literature on other biological and heme model systems [18, 19] , and serves as an excellent starting point for guiding future research. Moreover, a formally comparable catalytic cycle can be used as the starting point for guiding the investigation of HAO-catalyzed hydroxylamine oxidation [12, 13] .
Laue crystallography is potentially a very powerful tool for investigating redox-active enzymes such as ccNiR. During data collection in conventional crystallography, the crystal is exposed to monochromatic X-rays for an extended period of time, in the range of several tens of minutes to hours for a bright source such as that available at a synchrotron. However, exposing a crystal to X-rays often changes the crystal on the timescale of the conventional experiment; in particular, metalloproteins such as ccNiR and HAO are extremely susceptible to photoreduction in an X-ray beam [20] [21] [22] . As a result, the structure one obtains from crystallography is often not that of the original molecule. Instead it reflects the average of the original structure and the structures of the protein after modification by the X-rays. In photography, an analogy is the photograph of a moving object taken with a slow shutter speed: such a photograph would be blurred because it would show the object in several positions at once. By contrast, using the Laue method is analogous to taking the same photograph with a fast shutter speed. A Laue diffraction pattern is obtained by exposing a crystal to polychromatic X-rays for only 100 ps, too short a time for radiation damage to appear. As a consequence, the Laue method is ideally suited to the investigation of proteins such as ccNiR and HAO that are susceptible to X-ray damage. Another major advantage of the Laue method is that it can be used to monitor reactions within crystals as a function of time [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , which is possible because Laue diffraction patterns are collected over very short timescales. If a reaction can be rapidly initiated within a crystal, for example, by using a laser to activate a photochemical trigger, then a Laue diffraction pattern can provide the crystal structure at a defined time after initiation of the reaction. By piecing together Laue patterns obtained at different times after initiation, one can obtain a time-resolved sequence. One other feature aids in the logistics of applying the Laue technique. Since the polychromatic X-ray beam used in Laue crystallography is tightly focused, it typically strikes only a small part of the crystal in a given experiment. Consequently, the same crystal can be used for several experiments, simply by moving the crystal so that the beam strikes a different region each time.
One long-term goal in our investigation of ammonianitrite interconversion is to exploit Laue crystallography in order to obtain ''snapshots'' and ''movies'' of ccNiR and HAO in action. Such an ambitious goal first requires the availability of very large quantities of the enzymes in question. Furthermore, Laue crystallography typically requires crystals of higher quality than those required for conventional crystallography. In particular, low mosaicity is essential in order to interpret the more complex diffraction patterns obtained with polychromatic X-rays. Herein, we introduce an expression and purification protocol for obtaining fully active ccNiR from Shewanella oneidensis in high yield and purity. We characterize the protein using a variety of techniques, and present the crystal structure obtained using the Laue method.
Materials and methods

Overexpression of S. oneidensis ccNiR
A DNA sequence encoding for ccNiR was synthesized (Genscript) using codon optimization parameters derived from Escherichia coli. The wild-type N-terminal signal peptide was replaced with the signal peptide from the S. oneidensis protein ''small tetraheme c'' (STC), which is constitutively expressed in high levels [37, 38] . PCR was performed using Phusion Ò hot-start high-fidelity DNA polymerase (Finnzymes) and the primers ccNiRopt-F (5 0 -GACTGAATTCGGAGGATACAATTA-3 0 ) and ccNiRopt-R (5 0 -GATCTCTAGATCACTTGTAGGTCG-3 0 ). The resulting DNA fragment and the plasmid pHSG298 (Takara Bio) were digested with EcoRI and XbaI (New England Biolabs) and ligated together using T4 DNA ligase (New England Biolabs). The plasmid construct was used to transform chemically competent NEB5-a cells (New England Biolabs). Positive transformants were selected for by plating onto LB agar plates containing 50 lg/mL kanamycin and screened using colony PCR. Plasmid DNA was isolated from the E. coli cells and used to transform electrocompetent S. oneidensis TSP-C cells (rifampicin-resistant) [39] via electroporation with a Gene Pulser MXcell TM electroporation system (Bio-Rad). Positive transformants were screened for by plating them onto LB agar plates containing 50 lg/mL kanamycin, 30 lg/mL rifampicin, and 20 mM MgSO 4 . A single colony was used to inoculate a 5-mL overnight culture, which was then used to inoculate multiple 1-L cultures that were harvested after approximately 20 h of growth. Cell pellets were resuspended in 50 mM N-(2-hydroxyethyl)piperazine-N 0 -ethanesulfonic acid (HEPES), pH 7.0, containing 1 mM EDTA, 10 lM leupeptin, and 500 lM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride, and were then frozen at -80°C until needed.
Purification of S. oneidensis ccNiR from S. oneidensis TSP-C cells CcNiR-containing cells were lysed via sonication using a sonic dismembrator (model 500, Fisher Scientific), and centrifuged at 48,000g for 15 min. Ammonium sulfate was added to the supernatant to obtain 50% saturation at 0°C [40] , and the sample was centrifuged again. The supernatant was applied to a 2.5 cm 9 10 cm octyl Sepharose column equilibrated with 20 mM HEPES, 1 mM EDTA, 3 M ammonium sulfate, pH 7.0 (buffer A). The column was first washed with buffer A, and then with 40% buffer B (20 mM HEPES, 1 mM EDTA, pH 7.0). In each case the wash continued until the absorbance at 280 nm (A 280 ) returned to the baseline. Finally, ccNiR was eluted with 80% buffer B. The ccNiR eluent was exchanged into buffer B using Ultracell Ò 10K molecular weight cutoff centrifugal filters (Millipore) via repeated concentration of the sample and dilution into buffer B. The sample was then applied to a 1.3 cm 9 10 cm Q-Sepharose column and the flowthrough was collected and exchanged into buffer C (20 mM HEPES, 1 mM EDTA, 2 M ammonium sulfate, pH 7.0) using centrifugal filters as previously described. The sample, concentrated to a volume of approximately 5 mL, was applied to a 1 mL RESOURCE isopropyl column (GE Healthcare), and a gradient of 0-40% buffer B was run. CcNiR was typically eluted at 20-30% buffer B, exhibited an A 410 /A 280 ratio of more than 3.8, and ran as a single band when analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (Fig. 2a) .
Steady-state kinetic analysis
Steady-state kinetic parameters for the ccNiR-catalyzed reduction of nitrite or hydroxylamine by methyl viologen monocation radical (MV red ) were obtained in a manner similar to that reported previously by Atkinson et al. [41] . Briefly: MV red was generated via bulk electrolysis of methyl viologen (MV) at a potential of -550 mV versus the standard hydrogen electrode (SHE). An assay solution buffered at pH 7.0 with 50 mM HEPES, and containing a known concentration of ccNiR (typically 100 pM), approximately 75 lM MV red , 1 mM MV, and varying substrate concentration (2-500 lM for nitrite, 0.5-250 mM for hydroxylamine), was then prepared in a cuvette thermostated at 25°C. The final reagent added was MV red , and its addition initiated the reaction. The reoxidation of MV red was monitored by tracking the absorbance decrease at 600 nm in the visible spectrum. Reactions were completed anaerobically in a nitrogen-filled glove box (O 2 below 2 ppm).
Spectropotentiometry of ccNiR
UV/vis spectropotentiometry experiments were performed using a BASi Epsilon EC potentiostat to set the potential, and a CARY Bio 50 UV/vis spectrophotometer to obtain the spectra at each applied potential. The complete (a) (b) Fig. 2 a Sodium dodecyl sulfate polyacrylamide gel electrophoresis gel documenting the ccNiR purification procedure. b CcNiR activity recovered after each purification step. One enzyme unit is the amount required to reduce 1 lmol nitrite per minute under the assay conditions. AS ammonium sulfate, HIC hydrophobic interaction chromatography, IEx ion exchange chromatography, IP isopropyl apparatus was housed in an anaerobic glove box. Controlled potentiometric electrolysis of the solution was performed in an optically transparent thin-layer electrode (OTTLE) cell, which was a modification of a previously reported design [42, 43] , and is described in detail elsewhere [44] . A solution of ccNiR and mediators (Table 1) was prepared in a buffer containing 50 mM HEPES, 200 mM NaCl, pH 7.0. All mediators were used at concentrations of 25 lM, except hexaammineruthenium(III) chloride, which had a concentration of 100 lM. UV/vis spectra in the range from 250 to 800 nm were collected at 10-mV intervals between ?50 and -600 mV (vs. SHE). An Ag/AgCl electrode (BASi, model RE-5B) was used as a reference. Cyclic voltammograms of MV were collected before and after collecting the data sets, and the calculated midpoint potentials were used to account for any drift in the reference electrode (the midpoint potential of MV was taken to be -0.449 V vs. SHE [45] ). Data sets were also collected with identical mediator solutions in the absence of ccNiR, and these were subtracted from the corresponding ccNiR data sets to account for any spectral changes from the mediators during the titration. The corrected data sets were analyzed using the commercially available software packages Origin version 6.0 (Microcal Software) and Mathcad 13 (Mathsoft Engineering and Education).
Voltammetric analysis of ccNiR adsorbed on an electrode Protein film voltammetry (PFV) experiments were performed by immobilizing ccNiR on a pyrolytic graphite edge electrode. Prior to generation of a protein film, pyrolytic graphite edge electrodes were polished with an aqueous slurry of 1 lm alumina followed by a brief sonication. Films were generated by pipetting 3 lL concentrated ccNiR onto the electrode, waiting approximately 20 s, then pipetting off excess protein solution. The electrode was then immersed in a mixed buffer system (5 mM sodium acetate, 2-(N-morpholino)ethanesulfonic acid, 3-(N-morpholino) propanesulfonic acid, N-[tris(hydroxymethyl)methyl]-3-aminopropanesulfonic acid, N-cyclohexyl-2-aminoethanesulfonic acid, N-cyclohexyl-3-aminopropanesulfonic acid; 100 mM NaCl) in a three-electrode water-jacketed electrochemical cell. A platinum wire counter electrode and a saturated calomel reference electrode were used. PFV experiments were performed using a PGSTAT 30 AutoLab (Ecochemie) potentiostat equipped with frequency response analyzer and electrochemical detection modules. PFV experiments were performed on the bench top with argon gas bubbling through the cell solution to remove oxygen. The electrochemical cell was housed in a Faraday cage to reduce noise. Data were collected using the GPES software package (Ecochemie). Cyclic voltammograms produced by PFV experiments were background-subtracted to remove electrode capacitance using the SOAS software package [46] . The broad envelope of signal produced by a PFV experiment was deconvoluted by using a fit derived from the Nernst equation, assuming a one-electron contribution of equal surface coverage for each heme of ccNiR.
Crystallization of S. oneidensis MR-1 ccNiR
Initial crystallization screens were performed on ccNiR in the laboratory of J. Fu (Medical College of Wisconsin) using a robotic high-throughput screening system, and the custom in-house screen MCW192. Crystals were obtained from solutions containing 50 mM triethanolamine at pH 8.25 with 19% PEG 4,000. Further optimization of the crystallization conditions was then performed using the hanging drop method, where 2-lL drops were prepared by mixing 1 lL ccNiR stock with 1 lL precipitant solution, and suspended over a reservoir containing 500 lL precipitant. Optimal crystals were obtained when the ccNiR stock had a concentration of 10 mg/mL, whereas the precipitant consisted of a solution containing 50 mM triethanolamine and 14% PEG 4,000, pH 8.25. Trays of hanging drop samples were incubated at 23°C. Crystals typically appeared overnight. The onset of crystal formation appears to be critically dependent on the temperature; no change in drop appearance was observed at temperatures above 23°C, whereas below this temperature liquid-liquid phase separation invariably occurred. Some batches of purified protein resisted crystallization even at 23°C. In such cases microseeding as follows proved useful. Previously grown crystals were pulverized in mother liquor using a 3-mL tissue grinder (Wheaton), and were then mixed 1:1 with the ccNiR crystallization solution described above. This solution was incubated at 25°C for 6-18 h, and then slowly cooled by transferring the sample to a 20°C room. Crystals grown in this manner typically appeared in 2-3 days. Crystallographic data collection Crystals with dimensions of 200 lm 9 60 lm 9 60 lm were grown as described in the previous section. For conventional crystallographic analysis, crystals were cryoprotected by transferring them to a solution of mother liquor supplemented with 10% (w/v) PEG 20,000, and then flash-frozen. Monochromatic crystallographic data to a resolution of 3.2 Å were collected at BioCARS 14BM-C beamline at cryogenic temperatures (100 K) using an ADSC Q315 detector. Data were collected in 0.5°steps for a total of 180°. Data were analyzed by Mosflm [47] and scaled and merged by the Collaborative Computational Project Number 4 (CCP4) program scala [48] . Crystals appeared to be monoclinic, space group P2 1 , with cell parameters a = 47.1 Å , b = 92.7 Å , c = 216.5 Å , a = 90°, b = 91.04°, and c = 90°. Data statistics are given in Table 2 . Laue crystallographic data were collected at the Bio-CARS 14ID-B Laue beamline using X-ray radiation from a double undulator (U23 and U27 [49] ). Crystals were mounted in glass capillaries, and data were collected at room temperature. The synchrotron operated in hybrid mode, and radiation from a single electron bunch was selected. Each X-ray pulse contained about 3 9 10 10 photons, and seven pulses were used per Laue diffraction pattern. After each Laue pattern had been obtained, the crystal was translated along its long axis to expose a fresh volume of crystal to the X-ray beam. The X-ray beam size was 90 lm 9 60 lm. Laue data extended to a resolution of 2.59 Å with sufficient completeness to 2.72 Å . The complete data set consisted of 90 Laue patterns covering 180°. Data were indexed, integrated, and scaled by Precognition/ Epinorm (Renz Research). The space group was determined to be P2 1 2 1 2 1 , orthorhombic, with cell parameters a = 51.5 Å , b = 95.5 Å , c = 223.0 Å , a = 90°, b = 90°, and c = 90°. Data statistics of the Laue data are also given in Table 2 .
Results
Overexpression of ccNiR
Several approaches to overexpressing S. oneidensis ccNiR were explored in this project. In the ultimately successful approach an optimized ccNiR gene was incorporated into a pHSG298 expression vector, and then S. oneidensis (TSP-C strain) was transformed with this vector. PHSG298 is very similar to pUC plasmids, except that the latter use Cell parameters the ampicillin resistance gene as the selective agent for isolating transformed cells, whereas pHSG298 uses the kanamycin resistance gene instead. Attempts to obtain ampicillin-resistant colonies of S. oneidensis (containing ccNiR in a pUC18 plasmid) were unsuccessful. The S. oneidensis TSP-C strain was used, as it has natural rifampicin resistance and allows double antibiotic selection of transformed cells.
A comparison between the wild-type and optimized ccNiR genes is provided in the electronic supplementary material. The most notable difference between the two is that in the optimized gene the ccNiR N-terminal signal sequence for periplasmic translocation has been replaced by the signal sequence for another S. oneidensis protein, STC, which is typically expressed in larger amounts than ccNiR [38] . S. oneidensis cells transformed with the pHSG298 expression vector containing the optimized gene produced 20-to 30-fold more ccNiR than untransformed cells. Typical yields were approximately 20 mg crude ccNiR per liter of culture for the transformed cells, compared with 0.5-1 mg/L for the untransformed cells. Significantly, S. oneidensis TSP-C cells transformed with pHSG298 plasmids containing the wild-type ccNiR gene, complete with wild-type signal peptide, did not produce ccNiR in concentrations above the background seen from chromosomal expression.
Purification of overexpressed ccNiR
The ccNiR was obtained in high yield and purity using a five-step purification procedure. Most impurities were removed after the third step (hydrophobic interaction chromatography using octyl Sepharose), as shown in Fig. 2a . One of the remaining impurities (approximately 70 kDa) was removed by passing the protein mixture through a Q-Sepharose anion exchange column, which does not bind ccNiR; this step also removed other minor impurities. A final hydrophobic interaction chromatography step using a high-resolution column brought all remaining impurities down to acceptable background concentrations (Fig. 2a) . The overall yield for the purification was typically between 30 and 40% (Fig. 2b) of the initial activity. This translates to 7-10 mg pure ccNiR obtained per liter of cell culture, which is ample for protein-intensive experiments such as crystallography and spectropotentiometry. The stability of the pure ccNiR was assessed using the steady-state assay described in the following section. Micromolar solutions of the protein are stable for over 2 weeks at pH 7 and 4°C. Very dilute (nanomolar) solutions kept in microcentrifuge tubes appeared to lose activity with half-lives of about 1.5 h. This apparent loss may be due to slight adsorption of the protein into the matrix of the microcentrifuge tube.
Alternatively ccNiR in dilute solutions may slowly dissociate from an active dimeric to an inactive monomeric form. 
-and K m = 30 mM and k cat = 2,380 s
Initially, MV for use in the steady-state experiments was reduced using dithionite. However, sulfite, a product of dithionite oxidation, was recently shown to be a substrate for the E. coli ccNiR, being reduced to sulfide albeit at a very slow rate [15] . To date we have not conclusively shown that the S. oneidensis ccNiR can catalyze the reduction of sulfite by MV red ; however, what is evident is that sulfite is a competitive inhibitor of the nitrite reduction by MV red . Thus, in experiments where MV red was generated by reduction with dithionite, the K m values obtained were consistently higher than those obtained when MV red was generated by bulk electrolysis. By contrast, the k cat values were unaffected by the choice of protocol. The K I value for sulfite inhibition of nitrite reductase activity was subsequently determined to be approximately 600 lM, by monitoring the dependence of the observed K m on sulfite concentration in independent experiments (data not shown).
Spectropotentiometry of ccNiR
For spectropotentiometric analysis, the spectrum collected in the absence of an applied potential (that of the fully oxidized protein) was first subtracted from the spectra collected under applied potentials in order to generate difference spectra. The absorbance difference data collected between 379 and 454 nm, for all potentials between ?34 and -516 mV versus the SHE, were then subjected to a global analysis described in detail in the electronic supplementary material. Briefly, the data were first subjected to singular value decomposition (SVD) [50, 51] , which revealed five components above the noise level. The SVD-processed data were next analyzed using a model in which each SVD component is assumed to correlate with the addition of one electron to each ccNiR monomer (Scheme 2, Eqs. 5a, 6):
where
Equations 5a, 5b, and 5c are derived from the Nernst equation in exponential form, and correlate C n with the applied potential (see the electronic supplementary material). In Eqs. 5a, 5b, and 5c e n o is the midpoint potential associated with one-electron reduction of the (n -1)th reduced species, e app is the applied potential, and C T is the total ccNiR concentration in solution. Equation 6 is a matrix version of Beer's law such that C red is a matrix of concentrations in which each column corresponds to a unique reduced species and each row corresponds to a specific applied potential, De is an extinction coefficient difference matrix in which each column corresponds to a unique reduced species and each row corresponds to a wavelength, DA is the SVD-processed absorbance difference matrix in which each column contains a spectrum at a fixed applied potential and each row shows how the absorbance varies with potential at a fixed wavelength, and l is a scalar representing the path length of the OTTLE cell. The data were fitted to Eqs. 5a, 5b, 5c, and 6 using a program created with Mathcad 13. This program first allows the user to manually enter trial values of the five midpoint potentials. For a given set of midpoint potential values, the program then uses Eqs. 5a, 5b, and 5c to calculate the concentration of each reduced species at a given applied potential, and stores the concentrations in C red (Eq. 6). Next, the program calculates the extinction coefficient spectra De using Eq. 6 [50] . Finally, the program uses l and the De and C red matrices to generate an absorbance matrix DA calc , and the sum of squares for DA -DA calc is computed. By varying the trial values of the five ccNiR midpoint potentials, one can minimize this sum of squares. Figure 3 shows the results of the global analysis. Figure 3a compares the experimental and calculated spectra at selected applied potentials, and Fig. 3b shows the fitted DA versus e app slice at 426 nm. Figure 4a provides the calculated extinction coefficient difference spectra De n (the columns of matrix De) for each of the reduced ccNiR species, and Fig. 4b provides the absolute extinction coefficient spectra for the species, obtained by adding the extinction coefficient spectrum of the fully oxidized ccNiR to each of the extinction coefficient Scheme 2 Reduction of fully oxidized ccNiR (Ox). C 1 -C 5 refer to the one-electronreduced to five-electron-reduced species, respectively (a) (b) Fig. 3 a Spectra obtained at applied potentials of 0.034, -0.106, -0.196, -0.256, -0.316, and -0.506 V versus the standard hydrogen electrode (SHE). Solid blue lines show the experimentally obtained data, whereas the dashed red lines show the fit obtained using the matrix represented by Eq. 6. b The least-squares best fit of the data by Eq. 6 at 426 nm difference spectra. Finally, Fig. 4c shows the calculated concentrations of the reduced species C n as a function of the applied potential. Table 3 lists the five calculated midpoint potentials, comparing them with those obtained by direct voltammetric methods (see the next section), and with those previously reported for E. coli ccNiR. The uncertainties quoted for each of the e n o values represent the changes that could be made to each trial e n o without increasing the sum of squares by 0.001 units or more (approximately 6% of the sum of squares value).
The procedure described above was also used to investigate the spectral region from 500 to 650 nm, where the characteristic a and b bands are observed for reduced lowspin hemes. The complete analysis is provided as electronic supplementary material.
Voltammetric analysis of ccNiR adsorbed on an electrode
PFV experiments performed on S. oneidensis ccNiR films in the absence of substrate produced a broad envelope of reversible signals that span approximately 450 mV (Fig. 5a ). These signals correspond to the reduction and subsequent oxidation of the heme cofactors within the enzyme, and scan-rate dependencies of the maximal currents indicate that the redox couples are due to adsorbed species (data not shown). The nonturnover voltammograms for S. oneidensis ccNiR reported here are similar to data previously reported for E. coli ccNiR [52] . E. coli ccNiR voltammograms also appear as a broad envelope of signal spanning approximately the same region of potential; however E. coli ccNiR voltammograms have more features and the range of potential covered is slightly larger than that for S. oneidensis ccNiR. The overall shape of the S. oneidensis ccNiR voltammograms changes with pH, indicating the presence of one or more pH-dependent redox centers. At high pH values the envelope appears as a single peak, whereas at pH values below 7 the envelope appears to be composed of two large overlapping peaks. At pH values below 6 and at 0°C, the envelope of signal can be better resolved and more than two peaks can be observed. This resulting envelope of signal can be deconvoluted as the sum of five one-electron peaks, each corresponding to one of the five hemes in a ccNiR monomer (Fig. 5b) . The voltammograms reported for E. coli ccNiR also fit to five one-electron centers [52] . Alternative fitting schemes, such as the combination of three one-electron features and one two-electron couple, could not account for the data shown in Fig. 5 . Fig. 4 a Extinction coefficient difference spectra corresponding to each of the reduced ccNiR species C 1 -C 5 (Scheme 2), as calculated by fitting the experimental spectropotentiometric titration data using Eq. 6. The vertical line shows the point at which a high-spin ferroheme should have an absorbance maximum. b Similar to a, but here the calculated absolute extinction coefficient spectra of C 1 -C 5 and with the spectrum of C ox , are shown. c Concentrations of the various ccNiR species present in solution at a given applied potential (vs. SHE), obtained by fitting the data to Eq. 6
(a) (b) (c)
Crystal structure model building and refinement For an initial molecular replacement the monoclinic (P2 1 ) monochromatic data obtained at 100 K were used. The A and B subunits (one dimer) of the E. coli ccNiR without water or calcium ions were used as a template (E. coli ccNiR Protein Data Bank ID 2RDZ). Molecular replacement was attempted to 3.5 Å using the CCP4 program phaser [53] . One solution comprising two dimers was identified. The molecular replacement solution was quickly refined using refmac5 (CCP4 program collection [48] ) by rigid-body and by conventional refinement including noncrystallographic symmetry restraints. R cryst settled to 32.9%. No further refinement was attempted owing to the poor data quality. However, one dimer consisting of subunits A and B of this initial model was then used for molecular replacement against the Laue data collected at room temperature. A single, distinct molecular replacement solution was found in the orthorhombic crystal form. After rigid-body refinement of individual subunits A and B, the resulting model was inspected at positions where differences in the sequence between E. coli and S. oneidensis ccNiR occur. Differences were immediately visible in the electron density, and the atomic model was modified according to the correct S. oneidensis ccNiR sequence. All model manipulations were done using coot [54] . The electron density map around residues 170 and 220 could be easily retraced. Both regions accommodate loops which are different in E. coli and S. oneidensis ccNiR. Very large difference electron density within the protein indicated the presence of a strong scatterer. The electron density was modeled by a calcium ion in accordance with similar findings for the E. coli and other ccNiRs previously characterized crystallographically. Finally, water molecules were inserted. The final R factor dropped to 19.7% (see Table 2 ). MCD magnetic circular dichroism, ls low spin a Average of two experiments [64] b From [64] c From [6] (a) (b) Attempts to solve the ccNiR structure using monochromatic crystallographic data collected at cryogenic temperatures (100 K) were considerably less successful than those using the Laue method on data collected at room temperature. A variety of cryoprotectants were tested, including glycerol, 2-methyl-2,4-pentanediol, PEG 400, PEG 8,000, PEG 20,000, mineral oil, and various mixtures of these. The best results were obtained using 10% PEG 20,000 as the cryoprotectant; however, even with this cryoprotectant very weak monochromatic data were collected-see I/r(I) and R merge in Table 2 . Multiple attempts to collect better monochromatic data failed. At room temperature the diffraction patterns fade away after a few degrees. When comparing the room-temperature Laue data with the cryogenic monochromatic data, one can observe differences in cell parameters as large as 6.5 Å . In addition, freezing increases the mosaicity. It is difficult to estimate the mosaicity from the size of the Laue reflections since factors such as crystal size and crossfire also contribute. However, the software Precognition estimated the mosaicity to be around 0.1°, which usually yields good Laue patterns. Freezing then increases the mosaicity to around 1°.
The ccNiR crystallizes as dimers, which form the building blocks of both the orthorhombic and the monoclinic crystals. Two dimers occupy similar places in both space groups; however, numerous contacts are established between subunits of individual dimers, whereas there are few contacts between two distinct dimers. In space group P2 1 2 1 2 1 , individual dimers are related by crystallographic symmetry, whereas in space group P2 1 , two dimers reside in the same asymmetric unit. The difference is that in space group P2 1 the second dimer is rotated slightly relative to the corresponding dimer position in the orthorhombic form (see the electronic supplementary material). Hence, freezing generates strain in the crystals that breaks the symmetry and increases the mosaicity, although the molecular packing in both crystals remains almost the same. These factors contribute to disorder in the crystals at cryogenic temperatures, increase (decrease) the temperature factor (the Debye-Waller factor), and hence contribute to the limited resolution and poor monochromatic data quality.
Discussion
Overexpression of ccNiR
Numerous strategies for the overexpression of multiheme c-type cytochromes have been proposed [38, 39, 55, 56] . Initially, E. coli would appear to be a good organism to use for overexpressing c heme proteins such as ccNiR, and indeed it has been used with some success [56] [57] [58] [59] .
A major disadvantage of E. coli though is that it expresses the eight cytochrome c maturation chaperones (ccmA-H) needed to incorporate c-type hemes posttranslationally into apoproteins only under anaerobic conditions. Londer et al. overcame this problem by using an E. coli strain that contains the requisite chaperones within the pEC86 vector; however, ccNiR requires an additional three chaperones (nrfEFG) in order to correctly ligate lysine to the active-site heme, and E. coli only expresses these anaerobically [60] .
S. oneidensis has also been used to overexpress c hemes [38, 39, [61] [62] [63] , and is in many ways a better host for this purpose. Crucially, unlike E. coli, this organism expresses both the ccmA-H and nrfEFG operons even under aerobic conditions. In a suitably overexpressing system, this makes S. oneidensis a potential source of large quantities of c hemes, since bacteria typically grow much more rapidly and to higher density under aerobic conditions. Takayama and Akutsu [38] recently used S. oneidensis to overexpress human cytochrome c by first substituting the human N-terminal signal peptide with that of the S. oneidensis protein STC. They proposed this strategy as a general one for the heterologous expression of c hemes within S. oneidensis. Our results suggest that in some cases it may be beneficial to change the N-terminal signal peptide prior to expression, even when the desired protein is from S. oneidensis and already has a signal peptide recognized by the bacterial cytochrome c maturation system. When we initially expressed the wild-type ccNiR gene, with its corresponding wild-type signal peptide, in S. oneidensis, the expression was no higher than the background seen from chromosomal expression. When the optimized gene bearing the STC signal peptide was used, expression was 20-to 30-fold above the background level. It is possible that the overexpression is due to better codon usage in the optimized gene, but for ccNiR the wild-type gene does not really show any obvious poor usage sections (see the electronic supplementary material). Instead, we suspect that the STC signal peptide leads to more efficient posttranslational modification of the associated protein than the ccNiR signal peptide. For example, the protein responsible for translocating apoproteins across the periplasmic membrane might have more affinity for the STC signal peptide than for the ccNiR signal peptide. One can even see how such affinity variations might evolve: for proteins that are not needed by the bacteria in large quantities, such as the highly efficient ccNiR enzyme, there may be no evolutionary pressure to develop a signal peptide with high affinity for the translocation machinery.
The hypothesis that the rate of c heme protein maturation can be increased by judicious choice of the signal peptide is worthy of more systematic investigation. Indeed it is possible that another signal peptide, such as that for the highly expressed S. oneidensis protein periplasmic fumarate reductase (SO2727), could in general lead to even higher overexpression than the STC peptide.
Electrochemical analysis of ccNiR
As shown in Figs. 3 and 5 , the spectropotentiometric and film voltammetric data sets are very well modeled by Scheme 2, which assumes five uncoupled reduction events. Attempts to fit either data set with models that incorporated coupled reductions invariably produced poorer fits. Table 3 summarizes the midpoint potentials of S. oneidenis ccNiR obtained by spectropotentiometry and film voltammetry, and compares these values with ones previously reported for ccNiR from E. coli [6, 64] . For the S. oneidensis protein, the midpoint potentials obtained by film voltammetry are consistently more positive than those obtained by spectropotentiometry, by anywhere from 30 to 80 mV. Attempts to fit the spectropotentiometric data set using the midpoint potentials obtained by film voltammetry yielded very poor fits. The voltammetric data were collected at pH 6, whereas the potentiometric data were obtained at pH 7, and this may partially explain the observed differences. However, we note that the various sets of midpoint potentials obtained for E. coli show similar interset variability (Table 3) , even though all of those experiments were done at pH 7. Indeed, there is more variation between the midpoint potential values obtained from the three E. coli ccNiR data sets, or between the values obtained from the two S. oneidensis ccNiR data sets, than there is when comparing the S. oneidensis midpoint potentials obtained by film voltammetry with those obtained by magnetic circular dichroism spectropotentiometry for E. coli ccNiR. We therefore conclude that the ccNiRs from S. oneidensis and E. coli probably have very similar heme midpoint potentials at both pH 6 and pH 7, and that the observed differences are primarily due to experimental biases introduced by the various measuring methods. Given the complexity of the systems being investigated, these differences are comparatively minor.
We have found one surprising difference between the UV/vis spectral characteristics of S. oneidensis ccNiR and those reported for E. coli ccNiR. In the E. coli enzyme, reduction of the active-site heme was reported to produce a distinct signal at 435.5 nm [64] , consistent with its EPR identification as a high-spin species [6] . We see no such distinct signal in the S. oneidensis ccNiR UV/vis spectrum as the protein is reduced; the five reduced species all have calculated extinction coefficient spectra with maxima below 430 nm, where low-spin ferrous hemes are expected to absorb (Fig. 4) . The maximum of the final reduced species, C 5 , does shift to significantly longer wavelength, but remains below 430 nm. Moreover, by analogy with E. coli ccNiR, whose reduction potentials have been assigned to specific hemes primarily on the basis of EPR spectropotentiometry [6] , we would expect that active-site heme 1 is the second heme reduced (e 2 o = -0.140 V). The extinction coefficient difference spectrum of the second reduced species, C 2 , has a maximum at 423 nm (Fig. 4) . However, we do note what could be an important pattern at 435 nm in the calculated extinction coefficient difference spectra (vertical line in Fig. 4a) . Reduction of fully oxidized ccNiR to C 1 results in a small increase in De 435 , which is followed by a significantly bigger increase as C 1 is reduced to C 2 . Further reduction of C 2 first to C 3 and then to C 4 results in virtually no change in De 435 , after which there is another sizeable increase as C 4 is reduced to C 5 . This final increase in De 435 can be explained by the shift in k max as C 4 is reduced to C 5 ; however, the increase associated with the reduction of C 1 to C 2 arises from the fact that the C 2 extinction coefficient difference spectrum is broader than the other spectra, with an unusually long tail stretching to longer wavelengths.
All of our observations are more easily explained if we do not try to associate each ccNiR reduction step with reduction of a single individual heme. Instead we propose that, for example, in two-electron-reduced ccNiR (species C 2 ) the two electrons are delocalized among several of the hemes, and that the same may be true for the other stages of reduction. This would explain why the UV/vis spectral changes associated with reduction of C 1 to C 2 appear to exhibit features characteristic of both low-spin and highspin ferrohemes. The interpretation is also consistent with the EPR results reported by Bamford et al. [6] . For example, these researchers showed that a signal at g = 10.8 observable in parallel mode decreased rapidly to about 20% of its initial intensity at applied potentials of approximately -0.05 to -0.2 V, but then decreased at a much slower rate thereafter. This signal was assigned to the high-spin ferric active site weakly exchange coupled to low-spin ferric heme 3. Our interpretation assigns the rapid decrease in the g = 10.8 signal to production of the twoelectron-reduced ccNiR (C 2 ), but allows a fraction of the C 2 population to retain original ferric heme 1. In this fraction, another heme would be reduced instead. The appearance of such a distribution of reduced hemes within a multiheme complex has been predicted in a theoretical investigation of HAO redox equilibria [16] , and is likely to be a common phenomenon.
Structure of S. oneidensis ccNiR
Structure determination of S. oneidensis ccNiR reveals what to our knowledge may be the first case in which room-temperature polychromatic Laue X-ray data turned out to be better than monochromatic data collected at cryogenic temperatures. Without Laue crystallography we would have been limited to relatively low quality data with a resolution limit lower than 3 Å . The biggest challenge in cryocrystallography is to find a good cryoprotectant. If this is difficult, and the overall crystal quality is poor in the first place, most data sets are of low quality and must be discarded. In addition, very often crystals even from the same batch do not scatter equally well. Room-temperature monochromatic data collection with crystals held in capillaries or freely mounted using a humidifier [65] offers one possible way out. Since the crystals are not frozen, there is little strain that might generate disorder and increased mosaicity, and consequently data quality can be extremely good. However, we never succeeded in collecting complete monochromatic room-temperature data on this ccNiR because after a few exposures the diffraction patterns fade away. Laue crystallography offers an alternative when monochromatic data collection at ambient or cryogenic temperatures obstinately fails. Laue crystallography tends to minimize damage to the crystal caused by the ionizing X-rays. Several publications have reported the effect of X-ray dose and dose rate on protein crystals [35, 66, 67] . The dose tolerance depends on the rate at which the X-ray dose is administered. The higher the rate, the higher the tolerance [66] , up to a certain limit where temperature increase and, presumably, hydrogen formation destroys the crystal rapidly [67] . Single-pulse Laue crystallography exhibits the highest peak dose rates for synchrotrons (on the order of 10 13 Gy/s, [35] ), but there is enough waiting time between the X-ray pulses to allow the temperature to equilibrate and potential hydrogen to diffuse out of the crystal. The combination of ultrashort brilliant X-ray pulses and the displacement of the crystal along its axis to expose a fresh crystal volume proved to be very advantageous for successful collection of high-resolution data on this ccNiR.
Crystal structures of ccNiR were previously reported from three different branches of the bacterial phylogenetic tree [3] [4] [5] [6] [7] [8] [9] . Sulfurospirillum deleyianum and Wollinella succinogenes are e-proteobacteria, Desulfovibrio desulfuricans and D. vulgaris are d-proteobacteria, and E. coli and S. oneidensis are c-proteobacteria [4, 7] . All structures reported so far, including the S. oneidensis form described herein, appear to be functional dimers, and exhibit highly conserved heme arrangements. Figure 6 shows an overlay of the S. oneidensis hemes within one monomer with the corresponding E. coli hemes. The arrangements of the histidine imidazole planes are of note because they often permit correlations to be made between a heme protein's structure and its EPR spectroscopic features [6, 68] . The imidazole planes of heme 2 are very nearly parallel in all of the ccNiRs reported to date, whereas the imidazole planes of hemes 4 and 5 are closer to perpendicular. Each of these arrangements gives rise to a distinct type of EPR spectrum. The imidazole arrangement of heme 2 is more variable than that of the other hemes, being the most parallel in the S. oneidensis protein and less so in other ccNiRs. This heme is typically magnetically coupled to the high-spin active site, and thus exhibits an anomalous EPR signature [6] .
In addition to sharing a common heme arrangement, all ccNiRs reported to date contain a Ca 2? ion that lies close to the active site in a highly conserved region of the protein [4] . Figure 7 shows the environment of the Ca 2? ion in S. oneidensis ccNiR. The ion is coordinated in bidentate fashion by Glu-205, and in monodentate fashion by the Tyr-206 and Lys-254 backbone carbonyls, and the Gln-256 side-chain carbonyl. In other ccNiRs, two remaining (cis-oriented) coordination sites are occupied by water molecules; however, in the S. oneidensis structure we only assigned one water molecule to the Ca 2? ion in subunit B. In subunit A the difference electron density that represents this water molecule is very close to the noise level, and it is difficult to identify even one water molecule there. The carbonyl side chain of Asp-242 and the hydroxyl of Tyr-235 come near to the open calcium coordination sites, but are not within bonding distance. Instead they interact with the water molecule that is weakly coordinated to the Ca 2? ion (see Fig. 7 ). The ccNiR calcium ions appear to play a vital role in organizing the active site [4] , and at least in the case of the E. coli protein, mutations to the Ca 2? -binding amino acids have been shown to affect the active-site heme midpoint potential [69] . In the case of ccNiR from S. deleyianum, enzyme activity increased in the presence of added calcium, and decreased when chelators such as EDTA were added to the buffers [70] . However, the S. oneidensis enzyme showed no activity dependence on added calcium, or on the presence of added EDTA. It is not clear from structural comparisons why the Ca 2? ion should be labile in one case and not the other, as the calcium environment is so similar in both cases. In addition to the binding site conserved within all ccNiRs, the ccNiRs from D. desulfuricans and D. vulgaris exhibit a second, welldefined Ca 2? binding site near hemes 3 and 4 [7, 8] . The E. coli enzyme crystal structure exhibits a second Ca 2? ion in the same relative position, but the binding site in this case is not as clearly defined, and it is unclear if the calcium is physiologically relevant [6] . We did not detect a second Ca 2? ion in S. oneidensis ccNiR, perhaps simply because Ca 2? was not included in the crystallization buffer. Overall, the S. oneidensis ccNiR structure is very similar to that of E. coli ccNiR; the structures are compared in Fig. 8 . When corresponding subunits of E. coli and S. oneidensis ccNiRs are compared, the root mean square deviation between the C a atoms is 0.7 Å with 64% sequence identity [71] . The small rectangle in the figure highlights the region where the greatest sequence divergence is found. This region of the protein, which borders heme 2, was long suspected to be the entry point for electrons into ccNiR [4] ; more recently, a crystal structure of D. vulgaris ccNiR bound to its physiological partner has all but confirmed this hypothesis [8] . The ccNiRs from the different phylogenetic branches use different physiological electron acceptors, which probably explains why the region around heme 2 generally shows significant interspecies sequence variability. CcNiRs from d-proteobacteria and e-proteobacteria use NrfH, a membrane-bound quinol dehydrogenase, as the electron donor, whereas c-proteobacteria normally use a soluble electron transport protein known as NrfB to shuttle electrons from the membrane-bound quinol dehydrogenase to ccNiR [4] . S. oneidensis and E. coli are both c-proteobacteria; however, S. oneidensis ccNiR is unusual in that its electron donor is a membrane-bound tetraheme protein called CymA, rather than the more common NrfB [72] . Shewanella species appear to have evolved to use a large number of physiological electron donors interchangeably. Accordingly, CymA appears to be a general-purpose protein that can donate electrons equally well to a variety of proteins, such as ccNiR, and nitrate, fumarate, and dimethyl sulfoxide reductases among others [72] .
Summary
We have designed an expression and purification method for obtaining S. oneidensis ccNiR from S. oneidensis TSP-C strain which yields 7-10 mg of purified protein per liter of culture, enough to sustain protein-intensive research projects such as X-ray crystallography or spectropotentiometry. The purified ccNiR has nitrite and hydroxylamine reductase activities comparable to those previously reported for E. coli ccNiR. Spectropotentiometric titration and film voltammetric data were readily fitted assuming five independent one-electron reduction processes. Global analysis of the spectropotentiometric data suggest that within each reduced species the electrons are distributed among the various hemes, rather than being localized on specific heme centers. The purified ccNiR yielded goodquality crystals, which allowed us to solve the structure to 2.59 Å using the Laue diffraction method. The structure is similar to that of E. coli ccNiR, except in the region where the enzyme interacts with its physiological electron donor. This is expected as different electron donors are used by the two organisms. Efforts are now under way to improve bound water is only 3.5r. This is extremely close to the noise level, and consequently the water molecule was left out of the structure. The E. coli structure revealed two water molecules bound to the Ca 2? ion Fig. 8 Overlay comparing the protein structures of S. oneidensis and E. coli ccNiRs. The rectangle highlights the region near heme 2 that shows the greatest sequence divergence the resolution of the ccNiR Laue structure, to obtain structures of the protein in the presence of nitrite, nitric oxide, and hydroxylamine, and to develop a method for photoinitiating ccNiR reduction within the crystals, in order to enable time-resolved crystallographic studies. UV/ vis and EPR spectropotentiometric titrations at various pHs are also under way.
